ABSTRACT: Necrotizing enterocolitis (NEC) is a devastating disease of premature babies. Previously, we have shown that EGF reduces NEC and that overproduction of hepatic TNF-␣ is associated with intestinal damage. Leakage of TNF-␣ may be a consequence of epithelial hepatic cellular junction dysfunction. The aim of this study was to investigate changes in the composition of hepatic tight junctions (TJs) and adherens junctions (AJs). Using an established rat model of NEC, animals were divided into the following groups: dam fed (DF), formula fed (NEC), or fed with formula supplemented with EGF (EGF). Serum EGF and histologic localization of major TJ and AJ proteins were evaluated. Distribution patterns of hepatic TJ and AJ proteins were significantly altered in the NEC group compared with those in DF or EGF groups. Cytoplasmic accumulation of occludin, claudin-2, and ZO-1 with reduction of claudin-3 signal was detected in the liver of NEC rats. Localization of ␤-catenin was associated with the hepatocyte membrane in EGF and DF groups, but diffused in the NEC group. These data show that hepatic cellular junctions are significantly altered during NEC pathogenesis. EGFmediated reduction of experimental NEC is associated with protection of hepatic integrity and structure. (Pediatr Res 66: 140-144, 2009) 
N ecrotizing enterocolitis (NEC) is the most common in-
testinal disease of premature babies. The pathogenesis of this disease is still poorly understood despite its morbidity, mortality, and increasing occurrence in the United States. Severe NEC is characterized by a hemorrhagic inflammatory necrosis of the distal ileum and proximal colon. One of the best animal models to study this disease is the neonatal rat NEC model (1) . To develop this model, formula feeding of prematurely born rats and their exposure to bacterial colonization and intestinal hypoxia are required (2, 3) . Intestinal damage resulting from this protocol exhibits similar pathologic signs to those found in NEC patients (4) .
EGFis a peptide with trophic, maturational, and healing effects on intestinal mucosa (5) . A potential role for EGF in the prevention of NEC in human neonates has been suggested (6 -8) . In a rat model of NEC, we have previously shown that supplementation of formula with EGF reduces the incidence of disease (2) , down-regulates production of proinflammatory cytokines (9) , decreases intestinal apoptosis (10) , improves intestinal barrier function (11) , and maintains bile acid homeostasis (12) . In the liver, a hepatoprotective effect of EGF has been shown in several experimental injury models. For example, in mice exposed to thioacetamide, EGF treatment significantly reduces mortality and intestinal and renal injury (13) . EGF also protects against severe hepatic necrosis induced by carbon tetrachloride in rats (14) .
Severe intestinal damage is often accompanied by multiple organ dysfunction resulting in hepatic, renal, and/or pulmonary failure (15) . Ischemia-reperfusion (I/R) has been implicated in NEC pathogenesis, and multiple organ failure is frequently observed in I/R injury models (16, 17) . In babies with severe forms of NEC, pathologic changes are also observed in hepatic morphology and hepatobiliary functions (18) .
In hepatocytes, tight junctions (TJs) seal the canalicular lumen from the sinusoidal space and form a paracellular barrier between bile and blood (19) . Studies with murine models of experimental colitis have shown increased permeability and altered TJ structure in liver (20) . The pathogenic mechanisms responsible for hepatobiliary changes in human NEC or IBD are not known. However, when hepatic TJ structure is altered, the entrance of inflammatory cytokines and gut-derived bacterial toxins from portal circulation into the hepatobiliary system may occur (20) .
Our laboratory was the first to report the role of the liver in the pathogenesis of experimental NEC using the neonatal rat model (21) . We have shown that the majority of TNF-␣ found in the ileal lumen of animals with severe NEC injury originates from Kupffer cells (KCs) (21) . Further, treatment of experimental NEC with anti-TNF-␣ reduced overproduction of hepatic TNF-␣ and decreased intestinal injury in this model (22) . Hepatocytes secrete cytokines into the canaliculi and then into the bile ducts. These secretions can enter the intestinal lumen. KCs are found in the sinusoids of the liver. Blood flows through the sinusoids, empties into the central vein, and exits the liver via the vena cava. Thus, cytokines that are KC-derived should not enter the intestinal lumen unless hepatic-cellular junctions are altered.
TJs form the intercellular contacts between epithelial cells. The formation of TJs involves the assembly of cytosolic proteins (ZO-1, ZO-2) and integral membrane proteins (occludin, claudins, JAM1) (23) . We have previously shown that TJs in ileal epithelium are altered during NEC pathogenesis and normalized with EGF treatment (11) .
Adherens junctions (AJs) are another type of cellular connections, which anchor cells one to another and attach to components of the intracellular matrix. AJs are composed of transmembrane and cytosolic components. Cadherins and catenins are the two major families of proteins involved in AJs structure (24) .
The aim of this study was to investigate changes in the formation of hepatic TJs and AJs during NEC pathogenesis using a rat model of NEC. In addition, we evaluated the effect of EGF treatment during development of NEC on hepatic cell junctions. NEC was induced in neonatal rats by formula feeding and exposure to asphyxia/cold stress. Serum EGF levels, histologic localization of major TJ proteins (occludin, claudin-1, -2, -3, JAM1, ZO-1, ZO-2) and AJ proteins (Ecadherin, ␣-catenin, ␤-catenin) were evaluated.
MATERIALS AND METHODS
Animal model and diets. The protocol was approved by the Animal Care and Use Committee of the University of Arizona (A-324801-95081). Neonatal Sprague-Dawley rats (Charles River Laboratories, Pontage, MI) were collected by caesarian section 1 d before scheduled birth. Pups were divided into three experimental groups: rats hand-fed with a cow's milk-based formula (25) (NEC, n ϭ 36); rats fed with a formula supplemented with 500 ng/mL of rat EGF (Harlan Bioproducts, Indianapolis, IN; EGF, n ϭ 24) and dam fed animals (DF, n ϭ 22). Hand-fed pups were given a total of 850 L of milk every day. All experimental groups were stressed twice a day with asphyxia (breathing 100% nitrogen gas for 1 min) followed by cold stress (4°C for 10 min) (2, 21) . After 96 h, all surviving animals were killed via decapitation.
NEC evaluation. Pathologic changes in intestinal architecture were evaluated using our previously described NEC scoring system (2) . Histologic changes in the ileum were scored by a blinded evaluator and graded as follows: 0 (normal), no damage; 1 (mild), slight submucosal and/or lamina propria separation; 2 (moderate), moderate submucosal and/or lamina propria separation and/or edema in the submucosa and muscular layers; 3 (severe), severe submucosal and/or lamina propria separation and/or severe edema in the submucosa and muscular layers with regional villous sloughing; and 4 (necrosis), loss of villi and necrosis. Animals with histologic scores of 2 or greater were considered to have developed NEC.
RIA analysis of EGF in serum. Radiolabeling of EGF peptide used rat EGF (Biomedical Technologies Inc., Stoughton, MA) and [
125 Na]I (Amersham Corp., Arlington Heights, IL) in a modification of the chloramine-T method. The protocol for the EGF RIA used a rabbit anti-rat EGF serum (Peninsula Laboratories) as primary antibody. Goat anti-rabbit IgG secondary antibody (Antibodies, Inc., Davis, CA) and normal rabbit serum (Sigma Chemical Co., St. Louis, MO) were used for EGF RIA. Interassay variation was 10% or less.
Immunofluorescence microscopy of TJ and AJ proteins. After deparaffinization and rehydration, sections were blocked in 5% BSA to prevent nonspecific staining and incubated with one of the following rabbit polyclonal antibodies: anti-occludin, anti-claudin-1, anti-claudin-2, anti-claudin-3, anti-ZO-1, anti-ZO-2, anti-JAM1 (Zymed Laboratories, San Francisco, CA), anti-E-cadherin (R&D, Minneapolis, MN), anti-␣-catenin, and anti-␤-catenin (Zymed Laboratories), followed by incubation with Alexa-conjugated secondary antibody (Molecular Probes, Eugene, OR) and mounted with Vectashield Hard Set Mounting Medium containing DAPI as a nuclear counterstain (Vector Laboratories). Negative control sections were treated with the same procedure in the absence of primary antibody; no immunostaining was observed in the controls (not shown).
Statistics. Statistical analyses among DF, NEC, and EGF groups were performed using ANOVA followed by Fisher PLSD. The chi-square ( 2 ) test was used to analyze the differences in disease incidence. All statistical analyses were conducted using the statistical program StatView for Macintosh computers (Abacus Concepts, Berkeley, CA). All numerical data are expressed as mean Ϯ SE.
RESULTS
EGF reduces the incidence and severity of NEC. As shown in our previous work, oral administration of EGF reduces ileal damage in the rat model (2,9,11). Ileal damage was reduced in rats receiving EGF from a median histologic score of 2.0 in the NEC group to 1.5 in the EGF group (Fig.  1) . Histologic changes in the ileum were scored by a blinded evaluator. The incidence of NEC was reduced from 62% in the NEC group (n ϭ 36) to 14% in the EGF group (p Յ 0.01, 2 analysis; n ϭ 24). In the DF group (n ϭ 22), the incidence of NEC was 0%. The survival rates for these studies were as follows: DF, 100%; NEC, 81.8%; and EGF, 85.7%.
Levels of EGF in serum. EGF is a potent mitogen and a key regulator of rat liver growth and development. Interestingly, liver metabolism regulates EGF levels in systemic circulation. To determine whether enterally administered EGF can survive digestive and hepatic catabolism and enter systemic blood, we evaluated serum EGF levels. There was no statistically significant difference in serum EGF concentrations between DF and NEC groups. As expected, serum EGF concentrations were significantly higher in animals orally administered with EGF compared with those in DF and NEC rats (Table 1) .
Changes in distribution of hepatic TJ proteins during NEC and after EGF treatment. Occludin, the major integral membrane protein of TJs, was uniformly distributed in the cells of the liver lobule of DF and EGF animals, and its expression was associated with the hepatocyte membrane (Fig. 2, arrows) . In contrast, staining in the NEC group revealed dissociation of occludin within the cytoplasm of hepatocytes. Similar changes were observed for claudin-1, another major integral protein. Immunofluorescent signal for claudin-2 ( Fig. 2) and JAM1 (not shown) was very weak or absent in the liver of DF and EGF rats. However, in the liver sections from the NEC group, the signal was stronger and diffused throughout the cytoplasm of hepatocytes. In contrast, subcellular localization of claudin-3 showed very weak signal in the NEC group compared with the that in DF and EGF groups. In general, neonatal rats treated with EGF exhibited distribution patterns of occludin and claudins similar to those seen in the DF animals (Fig. 2) .
Changes in the distribution of the cytosolic TJ protein ZO-1 in the NEC group were obvious as well (Fig. 3) . Immunofluorescent signal for ZO-1 was significantly stronger and dispersed within the cytoplasm of hepatocytes in the NEC group compared with that in both the DF and EGF groups. There were no significant differences in the distribution pattern of ZO-2 protein. In general, the distribution patterns of hepatic TJ proteins were similar in neonatal rats treated with EGF and DF rats.
Changes in distribution of hepatic AJ proteins during NEC and after EGF treatment. Staining patterns for Ecadherin were different in all groups. In the DF group, weak E-cadherin signal was scattered throughout the tissue. In the NEC group, E-cadherin was increased and associated with both the membrane (arrows) and cytoplasm of hepatocytes. EGF treatment reduced the intensity of E-cadherin staining, but did not affect histologic distribution in the liver tissue (Fig. 4) .
Staining for ␣-catenin showed diffused, weak signal in the NEC group, whereas in the DF group, this protein was associated with the membrane of hepatocytes. In the EGF group, the staining pattern was similar to that seen in DF rats, but with higher signal intensity (Fig. 4) .
Striking differences in the histologic localization of ␤-catenin were observed between the groups. In the NEC group, ␤-catenin signal was reduced and scattered in the cytoplasm (Fig. 4) . In the DF and EGF animals, ␤-catenin staining was strong and clearly associated with the hepatocyte membrane (Fig. 4, arrows) .
DISCUSSION
Although severe NEC is associated with multiple organ dysfunctions, including changes in the liver and hepatobiliary functions, the role of hepatic TJs and AJs during NEC pathogenesis has not been studied. Previously we have shown that KCs are the major source of TNF-␣ in the intestinal lumen of the NEC model (21) . This study demonstrates that significant changes occur in the distribution of both TJ and AJ proteins in the liver during NEC pathogenesis. We speculate that disturbance of liver cellular junctions leads to leakage of KCderived TNF-␣ into the intestinal lumen, which further exacerbates intestinal injury. Importantly, EGF treatment of NEC normalizes the changes in cellular junction's structure to what is seen in the liver of healthy control animals.
During the early postnatal period, maternal milk is the major source of EGF in the lumen of the developing gut, whereas liver metabolism regulates EGF levels in the systemic circulation (26) . Under normal physiologic conditions, EGF binds to its receptor and is internalized within liver cells, where the majority of EGF and its receptor are destroyed in lysosomes. In our study, serum EGF levels in the EGF-treated rats were significantly higher compared with the NEC and healthy controls (DF). These results indicate that orally administered EGF was able to pass through the digestive system in a biologically active form and that EGF delivered to the liver via portal blood was not completely cleared by the liver from systemic circulation.
Increased systemic inflammation is associated with hepatobiliary epithelial barrier dysfunction (20, 27) . We have previously shown that production of proinflammatory TNF-␣ and IL-18 is markedly increased in the liver of animals with NEC, and EGF treatment reduces hepatic overproduction of inflammatory cytokines (22) . We have also shown that EGF treatment in NEC has significant effects not only on intestinal structure and integrity (11) but also on the gut/liver axis (22) . We speculate that increased production of proinflammatory cytokines in the liver of animals with NEC enter the small intestine via biliary circulation and further exacerbates intestinal injury. This tendency is reversed in animals treated with EGF (22) .
Liver functions such as bile formation and secretion are maintained by apical/basal cellular polarity, which determines the localization of BAs transporters in hepatocytes (28) . Liver TJs and AJs form a boundary between apical and basolateral plasma membrane domains, and they serve as the major paracellular barrier between bile and blood (29) . In rodents, functional hepatic TJs and AJs are not formed before term birth, and full assembly of intercellular junctions occurs during the suckling period (30) . In the rat NEC model, premature pups are exposed to asphyxia/cold stress and formula feeding immediately after delivery. This may accelerate the maturational processes in the liver but also compromise proper development and assembly of hepatic cellular junctions. Thus, we speculate that these alternations in TJs and AJs formation may be responsible for the leakage of proinflammatory cytokines from the liver into the intestinal lumen.
Occludin, claudins, and JAM1 are the major transmembrane TJ proteins creating the seal between cells and regulating paracellular permeability (31) . Cytosolic proteins (such as ZO-1 or ZO-2) interact with the cytoplasmatic tail of occludin and claudins, which then interact with various actin-binding proteins, linking the TJs to the cytoskeleton (32) . Thus, ZO-1 and ZO-2 play a central role in the assembly of mature TJs (33) and junctional integrity (19) . In a rat liver injury model, common bile duct ligation leads to changes in expression and localization of ZO-1, followed by alteration in hepatic occludin (19) . Recently, Maly and Landmann (34) have shown critical changes not only in the distribution of ZO-1 and occludin but also hepatic claudin-1 and claudin-2. Our current results also indicate significant changes in the distribution pattern of both TJ transmembrane proteins (mainly occludin, claudin-1 and -2) and a cytosolic TJ component (ZO-1) in NEC animals. Moreover, increased expression of occludin, claudin-2, and ZO-1 in NEC liver is associated with the distribution of these molecules in the cytoplasm rather than at the plasma membrane. In addition, expression of claudin-3-a key regulator of TJ permeability and selectivity-is almost absent in the NEC group. Thus, we conclude that markedly disturbed patterns of major TJ proteins in NEC animals indicate disassemblage of these junctions, leading to increased permeability in this tissue.
A study using an in vitro model has shown that EGF prevents reorganization of TJs and AJs proteins from cellular junctions to intracellular compartments (35) . In our study, EGF treatment of NEC normalized expression of occludin, claudin-1, -2, -3, and ZO-1 to that found in DF animals. Therefore, we conclude that EGF treatment inhibits disassembly of hepatic TJs and prevents the leakage of proinflammatory cytokines from the liver into intestinal lumen.
AJs play an important role in organogenesis of epithelial tissues, including the liver. Molecular analysis of hepatocyte AJs shows that E-cadherin is directly bound to ␤-catenin (36). Importantly, ␤-catenin anchors E-cadherin to actin filaments by binding to its intracellular domain (36) . The development of functional hepatic AJs during the early postnatal period is still not fully understood (37) . However, results from this study clearly show that ␤-catenin is localized at the junctional zone of hepatocytes of the DF group. This distribution pattern of ␤-catenin is completely altered in NEC animals. Interestingly, E-cadherin expression is increased in the liver of NEC animals, and localization of this protein is associated with both the membrane and cytoplasm of hepatocytes. We speculate that higher levels of E-cadherin found in the NEC animals might be the result of early maturation as they experience additional stress compared with DF animals. Abnormal histologic localization of ␤-catenin in the liver of NEC animals suggests additional irregularity in the formation of hepatic intracellular structures during NEC pathogenesis.
The structural integrity of the E-cadherin/␤-catenin complex is determined by the phosphorylation status of ␤-catenin. One of the factors responsible for phosphorylation of specific tyrosine residues is EGF receptor (EGF-R). Activation of the EGF-R leads to changes in the E-cadherin/␤-catenin complex (38) . Our results show that altered ␤-catenin distribution in the NEC group is normalized in EGF-treated animals. Although histologic localization of E-cadherin in the EGF group remains different from the pattern seen in DF rats, the consequences of this change are still not fully understood.
In summary, this study shows for the first time that the composition and structure of hepatic cellular junctions is significantly altered during NEC pathogenesis. EGF treatment normalizes the expression and localization of the majority of TJ and AJ proteins. Severe forms of NEC cause not only dramatic intestinal damage but also changes in other organs including the liver. Results from this study indicate that EGF-mediated reduction of experimental NEC is associated with protection of hepatic TJ and AJ structure. Better understanding of the complexity of EGF-mediated protection in NEC provides an important base for the development of therapeutic strategies to cure this devastating disease.
